INTRODUCTION
of DNA glycosylases, an aldimine intermediate is formed between an active site amine of the protein and the C1' atom of the baseless deoxyribose [10, 11] . This intermediate, usually referred to as a "Schiff base", is easily reduced with sodium borohydride or related compounds, forming a stable amino link between the enzyme and DNA; this reaction is widely used to prove the β-elimination reaction mechanism for the enzymes capable of AP site cleavage [12] . Some DNA glycosylases (e.g., E. coli MutY protein) can form a Schiff base with no further β-elimination [13] , but their affinity to the AP site is still very high.
In addition to being a subject for recognition by specific DNA repair enzymes, AP sites interact, often unfavorably, with many other cellular processes. These lesions are known irreversible traps for mammalian topoisomerase I [14] . DNA polymerases pause at AP sites, with the following dissociation or highly mutagenic readthrough [15, 16] ; eukaryotic transcription also pauses at these sites [17] . Tight binding to AP sites in DNA or the ability to be cross-linked to these lesions have been reported for a number of proteins including mammalian DNA polymerases β and γ and E. coli DNA polymerase I [18, 19] , HIV-1 integrase [20] , bacterial cytosine methyltransferases [21] , several DNA ligases of phage and vertebrate origin [22] , plant and bacterial ribosome-inactivating proteins [23] [24] [25] [26] , human and Drosophila S3 ribosomal protein [27, 28] , and human nucleoside diphosphate kinase NM23-H2/NDP [29] . Thus, binding of cellular proteins to AP sites might be important for AP site repair or its protection from further degradation, might possibly serve for cell signaling/damage sensing, or, in other instances, might be an event interfering with normal protein functions. A full repertoire of AP site-binding proteins in cells is presently unknown, preventing reliable assessment of harm inflicted by these ubiquitous lesions and of their involvement in the flux of DNA metabolism.
by on February 7, 2008 www.mcponline.org
Downloaded from
To approach this problem, we have devised a proteomic-based strategy for assembling at least a partial catalogue of proteins capable of binding AP sites in DNA. The general scheme relies on the sensitivity of many AP site-bound protein species to NaBH 4 cross-linking. An affinity-tagged substrate is used to facilitate isolation of the cross-linked species, which are then separated and analyzed by mass spectrometry methods. Here we report a proof-of-principle identification of several protein species from E. coli and S. cerevisiae reactive towards AP sites, and show that one of these, a yeast protein Ygl245wp, of unknown function but required for viability, can be cross-linked to AP sites by sodium borohydride.
by on February 7, 2008 www.mcponline.org deoxyhexitol was prepared as described [30] . Oligonucleotide substrate for cross-linking in extracts, prepared by standard phosphoramidite chemistry, consisted of an HPLC-purified 30-mer 5'-XGACGCTGAGAGTGTTTYGCCCTGAGACCG-3' annealed to a 25-mer 5'-CGGTCTCAGGGCNAAACACTCTCAG-3', where X is biotin, Y is 3-deoxyhexitol, and N stands for A, C, G, T, or their equimolar mixture. To form the duplex, 80 μM of the 30-mer and 160 μM of the 25-mer were incubated in water for 2 min at 95 ºC, followed by 5 min at 37°C and 30 min at room temperature. E. coli Fpg and Nei proteins were purified as described [31, 32] .
Purification of E. coli Nth will be described elsewhere. RNase-free DNase was purchased from Roche (Basel, Switzerland), lysozyme and protease inhibitor cocktails for use with bacterial and yeast cell extracts, from Sigma-Aldrich (St. Louis, MO), bacteriophage T4 polynucleotide kinase, Pfu Turbo DNA polymerase, NcoI and XhoI restriction endonucleases, and bacteriophage T4 DNA ligase, from New England Biolabs (Beverly, MA).
E. coli and yeast extract preparation. E. coli DH5α was plated onto LB agar from a frozen glycerol stock. After overnight incubation at 37°C a single well-defined colony was inoculated into 30 ml of LB and grown overnight at 37°C in 250-ml conical flasks with shaking at 280 rpm. This culture (10 ml) was used to inoculate 1 l of pre-warmed LB in a 2.5-l conical flask, and the growth was continued under the same conditions. The cultures were allowed to grow until mid-log phase (A 600 = 0.6-0.7, approximately 2 h) or for 24 h until saturation by on February 7, 2008 www.mcponline.org Downloaded from (A 600 = 3-3.5). The cells were harvested by centrifugation (10,000×g, 4°C, 10 min), resuspended in 10 ml/g cells of TE buffer (pH 8.0) and frozen at -80°C until needed. Immediately after thawing at 37°C with intermittent shaking, the cell suspension was supplemented with protease inhibitor cocktail (0.3 ml/g cells) and lysozyme (50 μg/ml final concentration) and stirred for 30 min at 4°C. Approximately two volumes of ice-cold TE buffer (pH 8.0) was added to reduce viscosity, and the suspension was centrifuged at 38,000×g, 4°C for 15 min. To the supernatant, crystalline ammonium sulfate was added to 80% saturation, and after a 1.5 h incubation on ice, the precipitate was collected by centrifugation (4,000×g, 4°C, 10 min). The pellet was dissolved in 10 ml of the cross-linking buffer (25 mM sodium phosphate, pH 6.8, 1 mM EDTA, 1 mM DTT, 10% glycerol), and the solution was dialyzed against two 1-l changes of the same buffer (once overnight and once for 4 h).
Baker's yeast strain BY4743 was grown in YPD medium supplemented with 100 μg/ml ampicillin at 30°C with shaking at 240 rpm. An overnight culture was used to inoculate 1 l of the medium (2×0.5 l, 25 ml inoculate per flask). When the culture reached A 600 =1, the cells (2.5 g) were harvested by centrifugation, washed once in phosphate-buffered saline and frozen at -80°C until needed. Thawed cells were resuspended in 10 ml of the cross-linking buffer supplemented with protease inhibitor cocktail (50 μl per 1 g cells), and an equal volume of acid-washed glass beads (425-600 μm, Sigma-Aldrich) was added. The tube was vortexed vigorously for 30 s and transferred on ice for 30 s; ten cycles of vortexing were carried out. The extract was clarified by centrifugation (17,000×g, 4°C, 10 min, repeated twice). The supernatant was batch-extracted twice with 1 ml of heparine Sepharose (Sigma-Aldrich; room temperature, 15 min incubation, the sorbent pelleted by brief centrifugation). The sorbent was washed two times with 5 ml of the cross-linking buffer, transferred into an Ultrafree-CL centrifugal filter device (Millipore, Billerica, MA) and washed three times with 1 ml of the same buffer. Proteins bound to heparin were then eluted by washing the sorbent twice with 1 ml of the cross-linking buffer containing 1 M NaCl. The eluates were pooled and dialyzed overnight against 0.5 l of the cross-linking buffer without NaCl. Both E. coli and yeast extracts were aliquoted and frozen at -80°C. Protein concentrations were determined by Bradford assay.
Analytical cross-linking. Cross-linking of Fpg, Nei, and Nth for use as standards was performed as described earlier [31, 33] sodium dodecyl sulfate, 5% β-mercaptoethanol, 12.5 μg/ml bromophenol blue). The sample was electrophoresed in a 12% discontinuous SDS-containing polyacrylamide gel (Laemmli system).
Preparative cross-linking. To remove nonspecific streptavidin-binding species, 10 ml of the thawed cell extract were treated with 0.5 ml of UltraLink immobilized streptavidin suspension (Pierce, Rockford, IL) for 30 min with gentle rocking at room temperature, and the streptavidin resin was removed by centrifugation (IEC Clinical Centrifuge, maximal speed, 4°C, 3 min) repeated twice, leaving approximately 0.2 ml of the liquid over the pellet each time.
Oligonucleotide duplex (3.6 nmol) was treated with 5 mM NaIO 4 and added on ice to the cell extract in a flask large enough to accommodate the foam that forms vigorously during the subsequent reaction. Freshly dissolved NaBH 4 (2 M) was quickly added to 50 mM final concentration, and the reaction mixture was transferred into a 37°C water bath for 30 min. The liquid part of the reaction mixture was recovered and centrifuged to get rid of the residual foam.
Streptavidin binding and elution. Immobilized streptavidin (250 μl) was added to the reaction mixture, which was then incubated as described above. The resin was centrifuged as above and washed three times by resuspension and centrifugation in 5 ml of the wash buffer (glycine-NaOH pH 9.4, 2 M NaCl). The resin was then transferred into an Ultrafree-CL filter device, washed three times with 1 ml of the wash buffer and three times with 1 ml of water, and resuspended in 125 μl of water. 25 μl of DNase I reaction buffer stock (100 mM Tris-HCl pH 7.5, 1.5 M NaCl, 10 mM MgCl 2 ) and 100 units of RNase-free DNase I (Roche) were added to the slurry, which was then incubated for 30 min at 37°C with intermittent vortexing. The slurry was transferred into an Ultrafree-MC centrifugal filter device (Millipore), centrifuged in a tabletop microcentrifuge for 1 min, the liquid was dried under vacuum and dissolved in 10 μl of gel loading dye. The sample was resolved by 12% SDS-PAGE followed by staining with Coomassie Blue. Well-defined protein bands were excised from the gel using a disposable surgical blade on a thoroughly cleaned glass surface, and kept frozen at -20°C until the analysis.
The extract treated in the same way omitting the oligonucleotide duplex was used as a control.
Mass spectrometer analysis. The techniques for identification of proteins by mass spectrometry have been reviewed thoroughly [34, 35] , and methods for in-gel tryptic digestions have been developed [36, 37] . Briefly, excised gel bands were destained by treating with 100 μl of 25 mM NH 4 HCO 3 for 10 min, then adding an equal volume of CH 3 CN. After 20 min the solution was decanted and 50 μl CH 3 CN was added. These steps were repeated until the stain was gone. Then, the protein was reduced with DTT and alkylated using iodoacetamide under standard conditions [35] . Gel slices were put into 50 μl acetronitrile for 10 min; after removal of the solvent, 20 μl of trypsin (0.2 mg/ml) was added and permitted to react for 16 h at 37 ºC. To obtain recombinant Ygl245wp, 1 l of 2×YT broth supplemented with 25 μg/ml kanamycin and 25 μg/ml chloramphenicol was inoculated with 20 ml of overnight culture of BL21(DE3) RIL E. coli carrying the pET-28a-Ygl245 plasmid and grown at 37°C in an orbital shaker at 250 rpm. When A 600 reached 0.5, the temperature was lowered to 25°C, and after a 40-min adjustment period, the expression was induced by adding IPTG to 0.2 mM (A 600 =0.85).
After 5 h, the cells (4.5 g wet weight) were harvested by centrifugation and frozen until purification. After thawing at room temperature, the cells resuspended in 40 ml of TE buffer (pH Buffer A and applied to a 5 ml HiTrap heparin column (Pfizer) equilibrated in Buffer A with 100 mM NaCl. The column was developed with a gradient of 100-800 mM NaCl in Buffer A; the fractions of at least 95% purity (by Coomassie staining) were pooled, dialyzed against two changes of 250 ml of 25 mM sodium phosphate (pH 7.5), 400 mM NaCl, 1 mM EDTA, 1 mM DTT, 50% glycerol, and stored at -20°C.
To assay cross-linking of purified Ygl245wp by NaBH 4 , the reaction mixture (10 μl)
included 5 nM 32 P-labeled oligonucleotide duplex and 150 nM Ygl245wp in 25 mM sodium phosphate (pH 6.8) and 50 mM NaBH 4 for 30 min at 37°C. The products were resolved using 12% discontinuous SDS-PAGE
RESULTS

Process development
We have proposed a strategy to search for still-unknown members of the list of proteins capable of interactions with AP sites. This strategy is based on a well-known propensity of by on February 7, 2008 www.mcponline.org Downloaded from aldehydic baseless deoxyribose to react with amine moieties in its vicinity, and on easy reduction of the resulting aldimine product by sodium borohydride. In this way, the protein bound to the AP site is irreversibly cross-linked to it. Thus, the full scheme of our experiments included: (i) preparation of cell extracts and oligonucleotides containing an AP site and an affinity tag; (ii) cross-linking in the extracts; (iii) affinity purification of the tagged cross-links; (iv) separation of affinity-purified products; (v) identification of the products by mass spectrometry; (vi) verification of the results by cross-linking of individual purified proteins.
We have carried out a set of experiments to find optimal conditions for removal of cell extract proteins nonspecifically bound to streptavidin matrix and for the most efficient recovery of cross-linked species bound to streptavidin through an oligonucleotide linker. Under neutral or moderately acidic pH, an unwanted protein background persisted even after washing the streptavidin beads at high ionic strength (data not shown). Only a combination of moderately alkaline pH (9.4) and stringent washing conditions (2 M NaCl) reduced the background binding in E. coli extracts to workable levels. Six washes under these conditions were sufficient to bring nonspecific adsorption close to zero while retaining constant levels of streptavidin-bound biotinylated oligonucleotide, as judged by adsorption of a radioactively labeled probe (Fig. 1) .
<<Figure 1>>
Streptavidin-biotin complexes are only disrupted under streptavidin-denaturing
conditions. Although we have tested some of these conditions (guanidine chloride, urea, SDS; data not shown) in an analytical mode, the denaturing agents would cause problems with PAGE separation when applied to preparative-scale cross-linking. We therefore adopted nucleolytic degradation of the oligonucleotide linker as a way to specifically elute streptavidin-bound crosslinked proteins and tested the procedure on a model substrate, DNA cross-linked to E. coli formamidopyrimidine-DNA glycosylase (Fpg) protein, a known DNA glycosylase/AP lyase [9] . 
<<Figure 2>>
To show that known AP site cross-linking proteins can be positively identified using this strategy, we have prepared cross-links of three purified DNA glycosylases/AP lyases, E. coli
Fpg, Nei, and Nth. These proteins were permitted to react with biotinylated DNA containing an abasic site in the presence of borohydride, and the complex was bound to streptavidin, released by DNase treatment, and separated by SDS-PAGE. Individual bands were excised, subjected to in-gel trypsinolysis, and analyzed on the Voyager MALDI-TOF instrument (Fig. 3) . Data from the MS analysis were searched through the NBCI database using the MASCOT search algorithm.
In the case of Fpg protein thirty-six mass peaks were used from the MALDI spectrum, RMS mass tolerance was set at 100 ppm and protein taxonomy not limited. Results are shown in Table   1 ; for each search the top hit identified the protein correctly, and the MASCOT confidence score for each search was at a high level. We estimate that 20 fmol of Fpg protein was used in the MS analysis, and approximately equal quantities were present in the analysis of the other proteins.
<<Figure 3>>
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Cross-linking of proteins to AP sites in cell extracts
In the NaBH 4 cross-linking assay, DNA glycosylases with an associated AP lyase activity are the most reactive proteins presently known, and (together with DNA polymerase β) are the only ones for which formation of a Schiff base with an AP site has been proven relevant for biological function. Therefore, to estimate feasibility of the present cataloguing endeavor, we have addressed the question of whether, and how many proteins other than DNA glycosylases/AP lyases could be detected by borohydride cross-linking. Using a radioactively labeled duplex oligodeoxynucleotide containing an AP site, we have shown that crude cellular extracts may be used to obtain a mixture of a number of proteins cross-linked to DNA (Fig. 4) . (Fig. 4) , suggesting that the cellular fate of AP sites could strongly depend on the environmental conditions.
<<Figure 4>>
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We then attempted to perform large-scale cross-linking and purification in the extracts of E. coli growing in either log or stationary phase. As a control, we have used the same extracts and oligonucleotides incubated in the absence of NaBH 4 ; purification on streptavidin resin was carried out in parallel following identical protocols. In both types of extracts, SDS-PAGE with
Coomassie Blue staining revealed bands present in the NaBH 4 -treated preparation but absent from the control. The most easily discernible bands (two for the log phase extract, five for the stationary phase extract) were excised from the gel for mass spectroscopic analysis. In addition, bands corresponding to the mobility of DNase I and BSA (a stabilizing agent in the DNase I stock solution, Fig. 2 ), and pieces corresponding to blank parts of the gel were submitted for analysis.
In the same type of experiment, crude extracts of yeast cells produced a strong background of nonspecific binding that could not be eliminated even by washing under stringent conditions. Therefore, we have batch-treated the yeast extracts with heparin-Sepharose, a sorbent to which many DNA-and RNA-binding proteins have affinity. The proteins adsorbed to heparin were eluted and used for cross-linking in the same way as were E. coli extracts (Fig. 5) . Two NaBH 4 -specifc bands were excised and analyzed.
<<Figure 5>>
A total of eighteen gel slices from the experiments with E. coli were analyzed by MALDI-TOF and LC/MS/MS, including three gel blanks. DNase I and BSA, acting as internal positive controls, were found in one and three samples, respectively, while several slices did not yield a known protein. Positive identifications were made on seven proteins, and the results are shown in Table 2 . The MALDI-TOF peptide mass mapping technique identified eight proteins, six of which were verified on the QSTAR instrument using MS/MS techniques. In addition, the by on February 7, 2008 www.mcponline.org
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QSTAR identified four additional proteins not seen by MALDI instrument, but failed to find two proteins identified by the MALDI instrument. Two gel-bands were analyzed by MALDI-TOF from the yeast experiment, and a search of the mass spectral data identified two proteins (Table   2) .
Cross-linking of purified Ygl245wp
Some of the proteins identified in the present screen (Fpg, DNA polymerase I, UvrA, HSP-70) are already known to possess affinity for AP sites. Therefore, to provide evidence that our strategy can indeed identify hitherto unknown AP site-binding proteins, we have cloned and purified the yeast Ygl245wp protein, and studied its ability to be cross-linked to AP sitecontaining oligonucleotides in vitro. The biological function of this protein is presently unknown. It bears two conserved domains homologous to glutamyl and glutaminyl tRNA synthetases catalytic domain and anticodon binding domain [38] ; however, several RNAinteracting proteins have been shown to be active on AP sites in DNA [23-25, 27, 28] .
We have cloned Ygl245wp in a plasmid for expression in E. coli, purified the recombinant hexahistidine-tagged protein, and assayed its ability to be cross-linked to DNA. although robust and easy to use, has increased affinity to its product, the AP site [39] , and thus may prevent binding of some other proteins; procedures for removal of the enzyme are either cumbersome or potentially detrimental to the nascent AP site. In contrast, periodate chemistry allows full conversion of the precursor within minutes, and the oxidizing agent is easily quenched in situ by glycerol.
We used NaBH 4 in cross-linking, which, in our experience, provides optimal reaction rates and product yields. Nevertheless, other reagents for mild aldimine reduction, such as NaBH 3 CN [12] or alkylamine boranes [40] , are also used in laboratory practice and may substitute for NaBH 4 in reactions fine-tuned for individual cross-linkable species.
The method of choice for affinity purification of cross-linked species was based on streptavidin-biotin interactions. Methods for synthetic introduction of biotin into oligonucleotides are well established [41] , and many biotin-affinity systems based on avidin or streptavidin are commercially available. Other tags also could be used, providing that they are stable under stringent washing conditions required to minimize background binding. One promising approach relies on forming polyacrylamide gel by co-polymerization of proteins cross-linked to duplexes bearing an acrylamide-tagged oligonucleotide [42] in a complementary strand, followed by electrophoretic separation. Stripping the column of proteins of interest also affords room for improvement. Since the streptavidin-biotin interaction is extremely stable, we eluted the bound proteins by degrading the oligonucleotide linker by DNase. This approach is very efficient and reproducible but introduces easily identified but still undesirable additional protein species, DNase and BSA, to the mixture of cross-linked proteins. Some cross-linked species might have been missed due to the overlap in size with DNase or BSA. The next generation of the system may employ a linker with a pre-engineered bond sensitive to certain compounds (e.g., a disulfide bond cleavable by thiol treatment) to allow mild chemical elution.
The cross-linked species in our experiments were separated by one-dimensional PAGE.
Other separation methods, such as two-dimensional PAGE or chromatography, can be applied and could provide an advantage in separation of cross-linked proteins, possibly resolving species overlapping on a one-dimensional gel. In addition, more sensitive in-gel detection methods (silver or SYPRO staining) can be used to detect less abundant cross-linkable proteins.
Mass spectrometry has become the method of choice for protein identification, and the two proteomic techniques that were used in these experiments gave excellent results. Peptide mass mapping of tryptic fragments from gel-purified proteins using MALDI/TOF analysis is effective and most procedures are automated. Although the sequence coverage of the identified tryptic fragments is often less than 50% of the protein, search algorithms give correct assignments based on the accuracy and precision of the m/z measurements. However, in cases where protein purification is less than ideal and multiple proteins are digested in a single gel slice, we have found that the peptide mass mapping technique may have more difficulty in assigning the correct protein because of the abundance of low intensity tryptic fragments in the MALDI mass spectrum. In such cases LC/MS/MS data acquired by the Q-STAR instrument provides more accurate assignments since it is based on the partial sequence or the CID mass spectrum of a single peptide isolated by HPLC prior to analysis. A very high degree of specificity is achieved by the search algorithms, making this technique amenable to the analysis of more complex mixtures.
Finally, a part of the overall scheme important to avoid false positives is an independent verification of cross-linking ability by demonstrating that the proteins identified by mass by on February 7, 2008 www.mcponline.org Downloaded from spectroscopy can indeed be cross-linked when expressed and purified. In E. coli extracts, we have identified Fpg protein, a DNA glycosylase whose ability to be efficiently cross-linked to AP sites has been extensively documented [10, 12, 32, 43] ; indeed, we have used Fpg for process development and as a positive control in this study even before its identification as a species cross-linked in the extract. In addition, we have shown that bacterially expressed and purified yeast Ygl245wp protein can be cross-linked to an AP site. The efficiency of this process was significantly lower than in the case of Fpg but comparable with those reactions reported for many other AP site-binding enzymes other than glycosylases [18-20, 22-25, 27, 29] . Most likely, the highly efficient cross-linking of DNA glycosylases is due to formation of a Schiff base as a part of their reaction mechanism, whereas many other proteins (including monofunctional glycosylases) cross-link through an amino group adventitiously positioned near the aldehyde moiety of the baseless deoxyribose [13, 20] or possess low catalytic activity against intact AP sites, being more specific instead for some product of their further modification [44] .
Ygl245wp is a protein required for yeast viability [45] with exact functions still unclear.
Its homology to tRNA synthetases [38] suggests that it could be indispensable for protein synthesis. On the other hand, Ygl245wp has been shown to physically interact with yeast DNA repair/damage signaling proteins RAD51p [46] and MEC1p [47] , and with subunit 4 of DNA replication/repair clamp loading factor RFC [47] , thus raising the possibility that it could be involved in events associated with stalled replication forks [48] . As discussed above, AP sites cause DNA polymerase to pause in vitro [15, 16] and have been shown to block replication forks at least in E. coli [49] . Binding of Ygl245wp with RNA polymerase III [47] hints that interactions at the sites of stalled transcription are also possible, although the behavior of RNA polymerase III on AP sites has not been studied.
Our search also uncovered several proteins known to bind to AP sites with biological significance. In addition to a known DNA glycosylase/AP lyase Fpg, we have trapped DNA polymerase I and UvrA nucleotide excision repair (NER) protein. DNA polymerase I is known to pause at AP sites [15, 16] and can be cross-linked to 5'-nicked AP sites [19] , possibly participating in the repair of these lesions. UvrA, a central player in bacterial NER [1] , has been shown to bind AP sites in the UvrABC excinuclease complex [50] , indicating that NER could also play a back-up role in the repair of AP sites. molecules/cell [58] , roughly 700-fold less than the amount of EF-Tu [59] . Simple mass action considerations may explain why we have identified only one known DNA glycosylase/AP lyase, with the rest being more abundant but less reactive species. Some potentially reactive species could also have been disguised by DNase. Regarding Groups (ii) and (iii), it could also be argued that the boundary between them is somewhat fuzzy. AP sites are well known points of greater DNA flexibility [60, 61] , and it is being increasingly realized that higher flexibility of DNA generally facilitates its binding by proteins [62] . Thus, even a protein usually binding DNA in a nonspecific mode could possess higher affinity towards AP sites, with possible biological significance; a recent study highlighting the importance of DNA flexibility for binding by on February 7, 2008 www.mcponline.org
Downloaded from
nonspecific DNA by HIV-1 integrase [63] fits nicely with the data on cross-linking of this enzyme to AP sites [20] .
We have used aldehydic AP sites within intact DNA for cross-linking. Some proteins could be better cross-linked to products of further AP site modification possessing an appropriate moiety, such as 5'-nicked AP sites [22, 44] or 2-deoxyribonolactone [64] , which also could be used along the same general scheme with appropriate modification of cross-linking protocols.
The outlined improvements in cross-linking, elution, staining, and analytical methods will likely increase the number of identified proteins reactive towards AP sites. 
